The Peierls barrier of a screw dislocation in body-centered cubic iron at finite temperature is investigated by using the free energy gradient method. By using the empirical potential, the Peierls barrier is shown to decrease from 11.7 to 6.9 meV per unit length of the Burgers vector with temperature increasing from 0 to 300 K. The entropy term of the Peierls barrier is estimated to be 0.19 k B , and the change of free energy, which is an entropic effect, is found to strongly depend on the local atomic configuration.
Introduction
Dislocation motion plays a critical role in the mechanical behavior of bulk metals, and the Peierls barrier is an important factor determining the dislocation motion.
1,2) The Peierls barrier is defined as the minimum energy barrier for straight dislocation migration at zero applied stress. 19) In body-centered cubic (bcc) iron, the size of the screw dislocation core is typically on the order of a few atomic spacings, and thus the Peierls barrier is intrinsically affected by the discrete atomic nature. Therefore, atomistic simulation is a useful tool for obtaining the Peierls barrier.
410) Usually, atomic simulation techniques rely on the atomic force, i.e., the potential energy gradient (PEG), because the position and motion of the atoms are generally assumed to follow the potential energy surface (PES). 48, 11) These types of calculations determine the energy barrier at absolute zero.
At finite temperatures, however, anharmonic thermal vibrations reduce the mutual interaction between neighboring atoms. This is a typical entropic effect similar to those of thermal expansion and softening. Recently, it has been shown that, for this entropic effect, the activation free energy for dislocation nucleation decreases significantly with increasing temperature, 12) which indicates that the atomic positions and motion are temperature dependent. In other words, the atomic positions and motion follow the free energy surface (FES), rather than the PES, at finite temperature.
1316) Therefore, the Peierls barrier is effectively a function of temperature, and the free energy gradient (FEG) 1416) should be used instead of the PEG in common techniques, such as the nudged elastic band (NEB) method. 11, 17) Especially, in bcc iron, it is well known through experiments that the slope of the curve showing the temperature dependence of yield stress is discontinuous at 250 K; this is a very suggestive problem for the temperature dependence of the Peierls barrier. 18, 19) It is very difficult to explain this phenomenon without a complete understanding of the temperature dependence of the Peierls barrier. Thus, it is very important to clarify the behavior of the Peierls barrier at finite temperature in bcc iron. In this study, I investigate the Peierls barrier of a a 0 =2h111i screw dislocation in bcc iron at finite temperature via the FEG method combined with standard techniques based on the PEG. Because long-time molecular dynamics (MD) sampling is necessary to obtain the FEG, the empirical embedded atom method (EAM) potential is used. Using the restraint method, it is possible to obtain the local atomic FEG (and free energy) and the detailed transition path for dislocation migration. It is difficult to use the usual path constraint method for such an investigation.
20)

Method
A brief outline of the method to obtain the FEG from MD sampling is given in this section. A dislocation in an N-atom system is characterized by M collective variables (CVs) denoted here by ² Ã ðxÞ ¼ f² 
where k B is the Boltzmann constant, and T is the temperature. Here, the probability density Pð²Þ is defined by
where ¢ ¼ 1=k B T , and V ðxÞ is the inter-atomic potential. If the system is ergodic, Pð²Þ can be written as
i.e., the ensemble average of Pð²Þ is equal to the time average for infinite sampling in an ergodic system. Therefore, in principle, the free energy of the dislocation can be obtained directly from MD sampling. However, to obtain the free energy, a very large MD sampling is needed. Therefore, this technique is not practicable. An additional technique is combined with MD sampling to obtain the FEG. In general, the mean negative force needed to constrain a CV ² i to ² 
with ² fixed to ² ref . 14, 15) This method is known as the constraint method. Although the constraint method is simple, it can be used to obtain a unique FEG. However, all the CVs in this method are frozen, and their interaction is adiabatic during MD sampling. This means that in this method, the entropic effect originating from mutual interactions between CVs due to the thermal vibrations is ignored, which is problematic for an investigation of a dislocation system.
To overcome this problem, the restraint method is used instead. Rather than fixing the CVs, a bias potential is applied to the system to keep ² close to ² ref .
Assuming that the bias potential has a simple harmonic-restraint form with a spring constant K, i.e.,
where h²i is the mean of ² for the system with the bias potential. 2124) Note that eq. (6) is only accurate for h²i ¼ ² ref , and thus K should be chosen to be as large as possible but not so large as to introduce numerical instabilities or inaccuracies into the time integration. 21, 23, 24) 
Results and Discussion
The bcc iron simulation cell is a perfect crystal of 672 atoms with dimensions of 8½11 " 2 Â 7½ " 110 Â 0:5½111 along the x-, y-, and z-axes, respectively. Periodic boundary conditions are applied only in the x-and z-directions; free surfaces are present in the y-direction, as shown in Fig. 1 (a) . A cut is made in the ð11 " 2Þ plane to displace two adjacent atomic layers by an amount equal to the Burgers vector b = a 0 /2[111], and the atoms are then displaced according to the linear elastic displacement field of the screw dislocation.
25) The dislocation line is located in the center of the simulation cell and is parallel to the z-axis. To eliminate plastic strain, 4, 10) the cell is tilted in the x-direction from 8½11 " 2 to 8½11 " 2 þ b=2. The entire atomic structure is relaxed using the FIRE algorithm.
26) The EAM potential developed by Chamati et al. is used as the inter-atomic potential. 27) There are two reasons for choosing this EAM potential. First, the predicted linear thermal expansion and room-temperature phonon dispersion for this EAM potential are in good agreement with the experimental results. 27) Second, the atomic configuration of the core (Fig. 1 (b) ) calculated with the EAM potential is predicted to have a non-degenerate configuration, which is in agreement with previous calculations using density functional theory (DFT) and bond order potential (BOP). 5, 8, 28) The Peierls barrier at 0 K is evaluated using the PEG and the NEB. A total of seven images between the initial and final states and a spring constant of 0.01 eV/¡ are used for the NEB calculation. The calculation proceeds until the maximum force f max acting on each atom is relaxed to less than 0.01 eV/¡.
The Peierls barrier of the screw dislocation in bcc iron at 0 K is 11.7 meV/b (b = «b«). The minimum potential energy path (MPEP) for screw dislocation migration is shown in Fig. 2 . The magnitude of the Peierls barrier calculated with the EAM potential is about 40% of that calculated with DFT and BOP. 5, 8, 9, 28) However, a metastable state during migration is not observed. 5, 28) For the calculations at finite temperature, the type and number of CVs should be clarified. The dislocation migration is affected by the atomic configuration both in and around the dislocation core because of the stress field of the dislocation. Thus, the Cartesian coordinates of the positions of each atom are used as the CVs. As atoms in the top and bottom surface layers are excluded, the number of CVs is 3 © 624.
The atomic coordinates (CVs) are first relaxed until f max 0:001 eV/¡ for each temperature via the FEG. The MD sampling under a biasing system proceeds as follows:
(1) Relax the atomic configuration.
(2) Generate a random velocity distribution at 1 K. (3) Raise the temperature by 1 K in each n inst step. (4) Perform MD sampling in each n step step to obtain the FEG at the target temperature. For these calculations, n inst ¼ 200 and n step ¼ 400000 with a time step of dt ¼ 5 fs, and the Nose-Hoover-chain thermostat 30) is used to maintain a constant temperature. The spring constant of the bias potential K is 5.0 eV/¡, 24) and the cell size and shape are fixed during the MD sampling.
The conditions for the NEB calculation via the FEG (FEG-NEB) 16) are the same as those for the PEG calculation. Although the FEG is obtained directly from MD sampling, the free energy difference is obtained from the numerical line integral of the FEG. The free energy difference ÁF i between two adjacent images i and i þ 1 is
where gð²Þ is the FEG at ², and d² i is given by ² iþ1 À ² i . However, the accuracy of this value is usually insufficient. Therefore, the reinforced images ² iþ l L ð0 < l < LÞ between i and i þ 1 are created, and then ÁF i is obtained as
where L is set here as 3. The reinforced images are created by simple linear interpolation because the line integral for free energy difference is independent of the path. The minimum free energy paths (MFEPs) calculated by the FEG-NEB at 1 and 300 K are shown in Fig. 3 (a) and (b) , respectively. The Peierls barrier at 1 K is 11.5 meV/b, which is consistent with the result of the NEB calculation. Moreover, the shape of the MFEP at 1 K is in good agreement with shape of the MPEP, that is, the MFEP at 0 K. Therefore, the spring constant K is sufficiently large to replicate the FEG. The Peierls barrier at 300 K decreases to 6.9 meV/b because of the entropic effect. This value is 59% of that calculated by the NEB (the Peierls barrier at 0 K).
The Peierls barrier as a function of temperature is shown in Fig. 4 . The Peierls barrier decreases with increasing temperature. On the basis of the slope of the polynomial fit, the activation entropy S A is estimated to be 0.19 k B /b.
Ryu et al. 12) have shown that the entropic effect of dislocation nucleation primarily arises from thermal expansion at temperatures below 400 K. The anharmonic thermal vibration increases the equilibrium distances between each pair of atoms, and the mutual interactions become weak. It is then easier for the atomic configuration to change to a configuration that is more stable at finite temperature. In other words, the entropic effect of thermal expansion is equal to the change in the atomic configuration due to the anharmonic thermal vibrations. To ascertain the specific contribution of thermal expansion, the potential energy difference ÁV ðT Þ at each temperature is shown as open squares in Fig. 4 . Here, ÁV ðT Þ is defined as
where V TS ðT Þ and V MS ðT Þ are the total potential energy of the transition state (maximum of the MFEP) and the metastable state (minimum of the MFEP) at T K, respectively. The atomic configurations of the transition and metastable states at T K are obtained directly from the FEG and FEG-NEB calculations.
The change in ÁV ðT Þ reflects the change in the Peierls barrier for a pure thermal expansion contribution. 12) From the slope of the polynomial fit, the activation entropy for thermal expansion S TE is estimated to be 0.11 k B /b. It is noted that S A is not equal to S TE , and the remaining entropy S OE (i.e., S A À S TE ) of 0.08 k B /b is attributed to entropic effects other than thermal expansion.
As Cartesian coordinates of the positions of each atom are used as CVs, it is possible to determine the transition state of the migration of screw dislocations at finite temperature and also to investigate the free energy distribution for each atom. The differential displacement (DD) map of the transition state at 0 K and 300 K are shown in Fig. 5 (a) and 5 (b), respectively. The transition state is nearly in a "split" core configuration, which is same as that in the EAM potential but different from that in DFT. 8, 31, 32) In this calculation, there is no significant difference between the transition state at 0 K and that at 300 K. Figure 6 shows the free energy distribution of the transition state of each atom at 0 K and 300 K. The zero point of the free energy of each atom corresponds to a metastable state. Therefore, the increased free energy of each atom is a part of the Peierls barrier. At 0 K, the main part of the Peierls barrier is significantly localized. The main part of the Peierls barrier is almost accounted for by the three atoms around two adjacent "easy" cores, which is stable dislocation core configuration. These atoms are shown in red and orange in Fig. 6 (a) . The total free energy of the three atoms is 5.1 meV/b, which is 44% of the Peierls barrier at 0 K. The remaining part (56%) of the Peierls barrier is distributed to approximately ten atoms located around the dislocation cores. On the other hand, the scenario is significantly different at 300 K. On increasing the temperature to 300 K, the total free energy of the three atoms decreases from 5.1 meV/b to 1.7 meV/b, which is 25% of the Peierls barrier at 300 K. The decrease rate is 70%, which is higher than the total decrease rate of 41% (from 11.7 meV/b to 6.9 meV/b). The remaining part (75%) of the Peierls barrier is distributed to approximately ten atoms located around the dislocation cores, as in the case of 0 K. On the basis of this result, it is concluded that the change of free energy, which is an entropic effect, strongly depends on the local atomic configuration. However, the quantitative dependence of the entropic effect on the atomic configuration might strongly depend on the nature of the atomic potential. Thus, in the future, a more in-depth and theoretical investigation should be conducted.
Conclusions
In conclusion, the Peierls barrier of a screw dislocation in bcc iron at finite temperature has been investigated via the FEG method. The Peierls barrier was shown to decrease with increasing temperature, and the entropy term of the barrier is estimated to be 0.19 k B /b. Furthermore, it is found that the change of free energy, which is an entropic effect, strongly depends on the local atomic configuration. Finally, the FEG method described in this paper contains no limitation on the number and choice of the CVs. 23, 24) Thus, we can directly apply the FEG method to investigate the temperature dependence of the behavior of dislocations including cross slip, double-kink nucleation, and climb. To elucidate the quantitative dependence of the change of free energy on temperature, which might strongly depend on the nature of the atomic potential, a more detailed theoretical investigation should be conducted in the future. 
